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Abstract
The present study aimed to model the kinetics of factors involved in wine aging to highlight the effects caused by different 
tank materials. It is known that materials affect wine composition through releasing of tannins, elementals and allowing 
different level of oxygen permeation. To monitor how the composition of a red wine was influenced by the contact with 
different kind of material, a Sangiovese red wine from the 2018 harvest was aged for one-year simultaneously in six dif-
ferent 5 hL tank materials including stainless steel, epoxy-coated concrete, uncoated concrete, raw earthenware, new and 
used oak wood. The registered differences were described through kinetic modeling of some wine’s chemical and physical 
parameters. In particular, the one-year evolution of the dissolved oxygen, redox potential and phenolic composition of the 
wines showed significant differences according to the tank material. Like the oak barrels, the raw earthenware amphorae 
and uncoated concrete tanks enhanced the polymerisation of the phenolic fraction of the wine. Instead, the stainless steel 
and epoxy-coated concrete proved to be the most chemically inert materials as they showed the least variability of redox 
potential and the lowest degree of color evolution.

Keywords Dissolved oxygen · Oenological tank materials · Raw earthenware amphora · Redox potential · Uncoated 
concrete · Wine aging kinetics

Introduction

Aging is a very delicate phase in the red wine production 
process. Many reactions occur during this phase, and the 
management of these transformations is always critical. 
The main changes are caused by the oxidative processes 
which induce condensation between the free anthocyanins 
and tannins, allowing the formation of stable polymers [1]. 
The formation of all these anthocyanin-derived pigments 
during aging seems to cause the changes observed in wine 
color, from the initial purple–red hue of young red wines 

to the brick-red shade characteristic of aged wines. Several 
factors can co-participate in the formation of the polymeric 
pigments which promote stabilization of the red wine color 
over time [2]. These include the phenol composition itself, 
dissolved oxygen (DO), oxidation–reduction potential (ORP) 
and the kind of tank material.

It is well known that oxidation and reduction reactions 
play a key role during wine aging [3], affecting the ORP 
value of wine. According to the Nernst equation, redox 
potential depends on both the ratio of the sum of the activi-
ties of redox couples in the system, and on the pH value, 
temperature and dissolved oxygen concentration [4]. Phe-
nolic compounds consume a considerable amount of oxy-
gen by acting as electron acceptors and are responsible for 
the potentiometric equilibrium of wine [5]. Acetaldehyde 
is reactive and takes part in several reactions with wine 
phenolics during aging. One of the most important reac-
tions involves the anthocyanins and flavanols in the forma-
tion of methylmethine-bridged compounds and ethyl-linked 
oligomers [6, 7]; the above compounds can further react 
with additional acetaldehyde, anthocyanins and flavanols to 
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generate a pyran ring, or other polymeric-type structures, 
which can alter the wine sensory attributes [8, 9]. In most 
of these reactions, oxygen plays a central role. A moderate 
exposure of wine to air can be beneficial for wine quality; 
DO in wine can rapidly react with phenolic compounds with 
an O-diphenol function under the catalytic action of a metal 
such as copper or iron, causing a cascade of chemical trans-
formations [2].

It is essential to monitor ORP, closely related to the DO 
value, during wine aging to have both an insight into the oxi-
dation and reduction ability of wine [10] and to understand 
the oxidation–reduction reactions as a function of the differ-
ent aging tank materials. The measurement of DO provides 
an indirect index of the oxygen supply during aging: at the 
point of equilibrium, the concentration of DO is equal to the 
amount of oxygen transferred into the tank through the mate-
rial it is made of, minus the amount of oxygen consumed by 
the wine [11].

Recently, tanks made of different materials have been 
rediscovered in oenology, but there are only a limited num-
ber of technical reports and peer-reviewed papers on moni-
toring red wine aging in different tank materials, including 
concrete and earthenware [12]. In addition, no complete 
experimental designs of all the oenological tank materials 
are available in the literature.

Some authors [13–15] have investigated the evolution 
during aging of a white wine in amphorae, stainless steel 
tanks and oak barrels. They highlighted that different wines 
can be obtained from a single variety of grape by using dif-
ferent types of containers. Other authors [16] have stud-
ied the evolution of DO and ORP during aging of a white 
wine in both amphorae and stainless steel tanks, showing 
the impact of tank materials on the chemical and sensory 
characteristics of wines. In particular, wines aged in raw 
earthenware amphorae differed in terms of minerality, gusta-
tory–olfactory intensity, structure and harmony. Few authors 
have compared red wine aging in different tank materials; 
however, Castellari et al. [17] monitored the composition 
of red wine during aging in concrete tanks, different sizes 
of oak barrels and stainless steel tanks, showing significant 
differences in the levels of DO: it resulted higher in small-
volume oak barrels (< 250 L), and similar in concrete and 
large-volume oak barrels (> 250 L). Other authors [18, 19] 
made a comparison between red wine aging in oak barrels 
and alternative systems (stainless steel tanks with staves, 
chips, oenotannins and micro-oxygenation), while monitor-
ing the DO, ORP and color evolution of the wines. These 
authors highlighted the importance of monitoring ORP to 
highlight real-time modifications in wine according to aging 
modality.

Due to the numerous factors involved in wine evolution 
during aging, the mathematic modeling of selected param-
eters could represent a useful tool for understanding and 

describing the variability of such complex system. In fact, 
both the complexity and quality of wine are dependent on 
several intrinsic (wine composition) and extrinsic variables 
(wine’s dissolved oxygen levels, racking operations, stor-
age temperature, and tank materials), that are empirically 
known to influence the aging process [20]. Moreover, given 
an initial wine chemical composition, modeling can allow 
the development of relatively simplified prediction tools to 
estimate a wine’s future condition.

There are numerous studies on modeling phenolic extrac-
tion during red wine production [21, 22] and alcoholic fer-
mentation [23, 24]. However, to predict the effect on wine 
composition and evolution, few kinetic modeling studies 
have been carried on the wine parameters affecting aging. 
Martins et al. [25] modeled the DO and temperature in Porto 
wines during aging, evidencing the interaction effects of the 
considered parameters on some key wine volatiles. Other 
authors have modeled the phenolic extraction in oak barrels 
to describe the mechanism and kinetics of phenolic transfer 
from wood to wine [26].

The present study aims to model the evolution of San-
giovese red wine during one-year, industrial-scale aging 
simultaneously in different tank materials (stainless steel, 
epoxy-coated concrete, uncoated concrete, raw earthenware, 
new and used oak wood), to describe how the tank material 
could both allow the mass transfer of different amounts of 
oxygen and affect the oxidation and reduction reactions in 
wine.

Materials and methods

Wine treatments and tank materials

The wine used for the experiment was a Sangiovese from 
the 2018 harvest. After completing the malolactic fermenta-
tion, it was centrifuged (0 NTU was set on the nephelometer 
installed on the centrifuge GEA Westfalia Separator Group 
GmbH, GSC 60-03-077 and racked in the following tanks: 
stainless steel tank (SS), epoxy-coated concrete tank (CC), 
uncoated concrete tank (CR), raw earthenware amphora 
(AN), new oak barrel (TN) and used oak barrel (TO). The 
volume of each tank was 5 hL. The new and used oak barrels 
were made in French oak, medium toasted, from Garbellotto 
(Sacille, Pordenone, Italy). The used barrel (TO) was 5 years 
old and the wine was aged inside the barrel for five times.

The basic chemical parameters of the Sangiovese red 
wine are reported in Table  1. The total sulphites were 
adjusted to 50 mg/L during racking. Every tank treatment 
was set up in triplicate.

The raw earthenware amphorae and uncoated concrete 
tanks were treated before filling according to the company 
protocols for first-time use.
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All of the different tanks were placed in an underground 
cellar at the Cantina Sociale Colli Fiorentini Valvirginio 
cooperative winery (Montespertoli, Florence, Tuscany), 
where the temperature ranged between 15 and 22 °C and 
relative humidity was ~ 80% over the year  to simulate real 
wine aging operating conditions (Fig. 1).

The wines were kept to age simultaneously in the differ-
ent tanks for 12 months, with no oxygen exposure except 
for the wine in the SS tanks. In fact, the wine in these tanks 
was pumped over with air exposure after 6 months of aging, 
owing to the poor state perceived through sensory analysis.

Samples of the wines aged in the different tank materi-
als were taken for physical and chemical analysis at 0, 4, 
10, 17, 24, 31, 50, 63, 124, 156, 191, 219, 240, 262, 293 
and 373 days of aging. Particularly, the ORP, DO and tem-
perature (T) values were always measured, while the color 
parameters and acetaldehyde content were determined from 
31 days to the end of aging.

Dissolved oxygen (DO), redox potential (ORP) 
and temperature (T) measurements

The DO concentration in the wine was measured using an 
optical oximeter (Oxy Level 2200, Parsec, Italy) and the 
ORP was monitored using an  Edge® pH/ORP meter and an 
ORP electrode HI36180 (KCl 3.5 M + AgCl, platinum sen-
sor) (Hanna Instrument, Ronchi di Villafranca Padovana, 
Padova, Italy). The redox potential data were expressed in 
milli-Volt (mV). Temperature (T) was monitored using the 
same pH/ORP meter and ORP electrode. Every month after 

the cleaning process (using a double-junction electrode 
cleaning solution), the ORP electrode was calibrated with 
standard redox solutions (purchased from Hanna Instrument) 
of 468 and 220 mV. All the solutions (calibration, cleaning 
and storage) were purchased from Hanna Instrument.

To measure the DO and ORP values of the wine inside 
the different tanks, a closed recirculation system consist-
ing of two glass ampoules and a peristaltic pump was set 
up. A probe and an electrode were placed in each ampoule 
to measure, respectively, DO and ORP and the wine was 
forced to circulate from inside the tank for the time required 
for probe and electrode stabilization and the measurement 
(Fig. 2). The electrode took 15 min to obtain a stable meas-
urement, as determined in the preliminary trials, then, fol-
lowing Vivas et al. [27], an additional 15 min was necessary 
for every DO and ORP measurement. The wine sampling 
was performed at the same height inside the tanks (50% of 
the total tank height) each time to avoid differences due to 
oxygen and redox stratification [4].

Chemical analyses

The standard parameters (pH, titratable acidity, volatile 
acidity, alcohol content and residual sugars) were measured 
through FT-IR analyses carried out by means of a FOSS 
WineScan (FT 120 Reference Manual, Foss, Hamburg, Ger-
many).  SO2 content was measured according to the official 
EU methods (Regulation (EC) No 479/2008).

Table 1  Chemical characteristics of the 2018 Sangiovese wine used for the study

Alcohol con-
tent (% v/v)

Residual 
sugar (g/L)

Titratable 
acidity (g/L)

Volatile  
acidity (g/L)

pH Malic acid 
(g/L)

Lactic acid 
(g/L)

Tartaric acid 
(g/L)

Citric acid 
(g/L)

Total  SO2 
(mg/L)

13.64 2.71 5.33 0.35 3.39 0.16 0.67 2.18 0.20 48

Fig. 1  Picture of the different tanks positioned in the underground 
cellar

Fig. 2  Recirculation measurement system set up in the cellar to moni-
tor the wine’s redox potential (ORP), dissolved oxygen (DO) and 
temperature (T)



1528 European Food Research and Technology (2022) 248:1525–1539

1 3

The phenolic profile and acetaldehyde content of the 
wines were investigated according to the literature as fol-
lows. Monomeric anthocyanins and polymerised anthocya-
nins (polymeric pigments) were measured by HPLC [21, 28] 
and both expressed as malvidin-3-O-glucoside (mg/L). The 
analysis was carried out using a Perkin Elmer Series 200 LC 
equipped with an autosampler and a diode-array detector 
(Perkin Elmer, Shelton, CT, USA). Chromatograms were 
acquired at 520 nm, recorded and processed using Total 
Chrome Navigator software (Perkin Elmer). Malvidine-3-O-
glucoside was purchased from Sigma Aldrich (Saint Louis, 
Missouri, USA).

CIE (Commission Internationale de l'Eclairage) L*, a* 
and b* color coordinates were also measured according to 
the literature. Visible spectra were recorded at 400–700 nm 
reflectance using a Perkin Elmer Lambda 35 UV/Vis spec-
trophotometer (Perkin Elmer Shelton CT, USA) equipped 
with the RSA-PE-20 Integrating Sphere accessory assembly 
(Labsphere, North Sutton, NH, USA). UV WinLab Soft-
ware was used to record the spectra (version 2.85.04, Perkin 
Elmer) and CIELab color coordinates were calculated using 
Colour software (version 3.00, 2001, Perkin Elmer) (D65 
illuminant and 10° observer). Color differences between the 
wines during aging were determined using the ΔE value of 
the CIELab diagram, according to the following equation 
(Eq. 1):

ΔE was calculated as the difference between the wine 
CIELab coordinates at the time of sampling and the coordi-
nates of the wine at the beginning of the experiment.

Acetaldehyde was determined using an AutoSystem XL 
gas chromatograph equipped with a flame ionization detector 
(Perkin Elmer) [29].

All the wine samples were analyzed in triplicate.

Statistics and modeling

All the data collected during the one-year aging were pro-
cessed  to model their evolution, with the tank material (M), 
storage time (t) and temperature (T) as factors. Stainless steel 
(SS) was chosen as the reference material. Kinetic models 
of the collected data were performed as described in the 
literature when available, otherwise a polynomial curve 
was adopted to obtain a good phenomenological fit. In the 
case of polynomial fitting, the tested independent variables 
were M, t, T and their interactions (M × t × T). Moreover, t 
and T were tested at the first, second and third polynomial 
degree. The variables and interactions were tested for sig-
nificance with an ANOVA test, and the chosen threshold was 
p < 0.05. According to the principle of model parsimony, all 
not-significant variables were dropped in the residual and 

(1)ΔE =

√(
ΔL∗

)2
+ (Δa∗)

2
+
(
Δb∗

)2
.

the models were consequently simplified. The Shapiro–Wilk 
test was used to check the assumption of the normality of 
the residuals of the models. Once obtained the models, the 
coefficients for each independent variable used in the model 
has been reported in the Table 2. Each model has been repre-
sented in the Figs. 4, 5, 7, 8, 9, 10, and 11 reporting the value 
predicted for each material at each sampling time together 
with its model’s standard error term.

The final Principal Component Analysis (PCA) was car-
ried out using all the modeled parameters measured in the 
wines in the different tanks during one-year aging as a func-
tion of t and M.

R software (V. 4.0.0) was used for all the statistical 
analyses.

Results and discussion

During the wine aging, physical phenomena occurred in 
relation to the T, DO and ORP measurements. The models 
describing the changes in DO and ORP as a function of t are 
reported in Table 2.

Figure 3 shows the wine temperature measured in the dif-
ferent tanks along the one-year aging (dots of the same color 
represent the replicate treatments). The temperature changed 
during the one-year aging. At the beginning (in May), the 
temperature was about 14 °C, increasing to 21 °C during the 
first 100 days of aging (May–September), decreasing to a 
minimum of 13 °C at around 300 days (September–March), 
and increasing again (March–May) following the different 
seasons of the year (Fig. 3).

Morais et al. [20] previously modeled the DO content in 
wines using a first-order kinetic and the same equation was 
used to model the DO values measured in the wine samples 
(r = 0.91) (Eq. 2):

where k1, k2 and k3 are the coefficients relating to the DO 
change rate due to t, T and t × T, respectively (Table 2).

The Sangiovese wine samples showed a high amount of DO 
at the time of racking into the different tanks (Fig. 4), prob-
ably due to the centrifugation and the racking itself [30]. The 
oxygen was quickly consumed by the wines in all the different 
tanks in the first two weeks of aging (Fig. 4) and the DO values 
changed significantly according to t, T and t × T interaction 
(Table 2). Twenty-four hours after racking, a high amount of 
DO (roughly 3000 µg/L) was measured. Then, the DO was 
rapidly consumed by the chemical reactions that occurred in 
the wines at this stage, reaching values of about 150 µg/L after 
18 days. The rate of DO consumption during wine storage, in 
the interval from saturation to near zero, has previously been 
described as a pseudo first-order kinetic [31]. A first-order 

(2)ln [DO](t) = ln [DO]0 + k1t + k2T + k3tT + �,
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Fig. 3  Evolution of the wine 
temperature (°C) measured in 
the different tanks during the 
one-year aging. Day 0: 7 May; 
dots of the same color represent 
the replicate treatments. (SS 
stainless steel tank, AN raw 
earthenware amphora, CR 
uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO used oak barrel)
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Fig. 4  Kinetic model of the 
dissolved oxygen (DO—µg/L) 
in the wine measured in the 
different tanks during the first 
18 days of aging (Error bars 
represent the standard error; 
SS stainless steel tank, AN 
raw earthenware amphora, CR 
uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO used oak barrel)
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Fig. 5  Kinetic models of the 
redox potential (ORP—mV) 
of the wine measured in the 
different tanks during the one-
year aging. The gray diamonds 
represent the temperature (Error 
bars represent the standard 
error; SS stainless steel tank, 
AN raw earthenware amphora, 
CR uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO: used oak barrel)
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kinetic describes a concentration-dependent phenomenon: at 
high DO concentrations the oxygen consumption is fast, while 
at low concentrations the reaction rate decreases dramatically. 
In line with the aforementioned literature, the models set up 
(Table 2) enabled assessment of the rate constant value of 
the kinetic that depends on (1) wine composition, (2) storage 
temperature and (3) the effect of the tank material. The ini-
tial wine composition was the same for all the treatments and 
the temperature was considered as covariate in the developed 
statistical model. Hence, the observed statistically significant 
difference in the rate constants could be related to the effect 
of the tanks material.

The wine aged in TN showed significantly slower DO 
consumption than the wines aged in all the other materials 
(significant interaction M × t) (Table 2). According to other 
authors [32], the maximum OTR lasts for approximately the 
first 20 days and the permeation of oxygen through the oak 
staves, that reaches a maximum when the barrel is brand new, 
could account for this difference between the new oak barrels 
and the other materials.

The DO values did not change significantly between 
approx. 20 and 150 days of aging, then they increased slightly 
from 150 to 300 days and decreased between 300 days and 
one-year (data not shown). According to other authors [20], 
the above second part of the aging is described according to 
the same first-order kinetic model mentioned above. However, 
the model of the second part of the aging had a lower r than the 
first part (r = 0.65), and it deviated from linearity at the begin-
ning and at the end of aging; the model only showed linearity 
in the 150–300-day time range (data not shown).

A certain relationship between the DO values and the ORP 
experimental values occurred in the wine samples. The ORP 
showed a continuous decrease in the first 100 days of aging 
in all the wines aged in the different tanks (Fig. 5), reach-
ing negative values. Then, the ORP rose to 60–100 mV from 
120 to 250 days. The rapid decrease at the beginning of aging 
can be strongly related to the oxygen consumption in all the 
wine samples. Then the ORP variations were more related to 
other factors, starting from the temperature. A relationship was 
found between ORP and T; the highest ORP values were found 
at the lowest T and vice versa (Fig. 5, Table 2) in agreement 
with previous studies [5]. These authors highlighted that over 
a year, the wine temperature during aging in the cellar could 
be subjected to variations in a range of 5–10 °C; these varia-
tions in temperature could affect the redox potential variation 
in wines in a range of 10–40 mV; so, to standardize the ORP 
and DO values, a correction factor for the temperature varia-
tions was included in the measured values by the instruments.

The ORP variations in the wine aged in the different tanks 
were similarly modeled by the following polynomial equation 
(r = 0.86) (Eq. 3):

Six different equations could be written describing the 
changes in ORP during the wine aging (Table  2). The 
ANOVA results found no statistically significant differences 
between the ORP values of the wine aged in epoxy-coated 
concrete and stainless steel. Concerning the wine in stain-
less steel, at six months aging (191 days of aging), due to 
its reductive status at the sensory analysis, it was submitted 
to a pumping over after the measurements and sampling for 
the chemical analysis. This practice, applied only to the wine 
aged in the stainless steel tank, affected the modeling of ORP 
not more than other factors, given the intrinsic variability of 
this kind of measurement in wine [18]. Anyway, the r value 
(0.86) showed a good predictive capability of the model, 
despite the difficulty of the ORP measurement. The same 
consideration could be made for the other chemical factors 
considered and discussed in the next paragraphs. The ORP 
values of wine aged in raw earthenware amphorae, uncoated 
concrete tanks and oak barrels showed a different evolu-
tion trend. The fastest ORP changes were measured in the 
wine aged in the oak barrels and raw earthenware amphorae, 
while the wine in the uncoated concrete tank was the least 
affected (significant lower coefficient of t). In addition to 
the effect of temperature changes in the cellar on the ORP 
values, the differences between the different materials could 
also be related to oxygen permeation for the raw earthenware 
amphorae and uncoated concrete tanks [12, 33, 34], and to 
both oxygen permeation and the release of ellagitannins in 
the case of the oak barrels [35, 36]. Although polyphenols 
are the most oxidisable constituents of red wines, they did 
not contribute to the variation in redox potential [37].

A predictive model of ORP was set up from the DO and 
T experimental data (Fig. 6). While DO showed a positive 
coefficient (0.02), the T coefficient was negative (− 11.8). 
T played a double role; on one hand, in accordance with 
Henry’s law, an increase in T decreased the oxygen solubility 
in the wine; while, on the other hand, it increased the reac-
tion kinetics. Since the T coefficient was negative, when T 
increased, ORP decreased. Moreover, DO increased ORP, 
providing the electron acceptors for the redox reactions that 
occurred in the wines during aging. In this trial, DO and 
T could explain 74% of the total variance and they could 
be considered the main factors in determining ORP. The 
remaining unexplained variance (26%) could be ascribed to 
other electron acceptors as well as to measurement errors.

The chemical phenomena related to ORP and DO were 
monitored by through measurement of the polymeric pig-
ments, monomeric anthocyanins, acetaldehyde and CIELab 
coordinates during the wine aging.

During the first 100  days of aging, polymerisation 
between the tannins and anthocyanins occurred slowly and 

(3)ORP(t) = ORP0 + k1t + k2T + k3t
3
T + �.
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only a small increase in polymers was seen (Fig. 7). Sig-
nificant polymerisation occurred instead in all of the wine 
samples after ~ 150 days; according to some literature studies 
[32, 36], this highlights the role of DO and ORP parameters 
in polymerisation between tannins and anthocyanins.

The polymerisation was modeled according to the follow-
ing equation, which showed a significant different trend for 
the tank materials (r = 0.92) (Eq. 4):

where k1, k2 are the coefficients for t and T, respectively 
(Table 2).

The wine samples aged in the stainless steel tank dis-
played the slowest formation of polymeric pigments, with 
no significant differences between the concrete tanks 
(coated and uncoated) and used oak barrels. The raw 

(4)
ln
[
polymeric pigments

]
(t)

=
[
polymeric pigments

]
0
+ k1t + k2T + �,

earthenware amphorae and the new oak barrel showed the 
highest polymerisation values. While in the new oak bar-
rel, the higher degree of polymerisation could have been 
caused by the release of large amounts of both ellagic tan-
nins and oxygen from the oak staves [36, 38, 39], there are 
not any clear explanation for the raw earthenware ampho-
rae. It could be hypothesized that the raw earthenware 
amphora releases elementals that could act as a catalyst 
for polymerization reactions in wines [40]. Moreover, 
as recently evidenced by other authors [33], the material 
such earthenware and uncoated concrete showed a clear 
permeation to oxygen with the exception of epoxy-coated 
concrete that does not afford any exchanges.

The monomeric anthocyanins content of the wines 
decreased during aging, with the fastest decrease between 
80 and 250 days (Fig. 8). In the literature, the decrease in 
monomeric anthocyanins has often been related to both 

Fig. 6  Prediction model 
(r = 0.86) for redox potential 
in wines (ORP) using the 
dissolved oxygen (DO) and tem-
perature (T) measured in wines 
aged in different tank materials. 
Dots of the same color represent 
the treatment replicates

Fig. 7  Kinetic models of the 
polymeric wine pigments (mg/L 
of malvidine-3-O-glucoside eq.) 
measured in the different tanks 
during the one-year aging (Error 
bars represent the standard 
error; SS stainless steel tank, 
AN raw earthenware amphora, 
CR uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO used oak barrel)
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oxidation reactions with dissolved oxygen and the forma-
tion of polymeric pigments as discussed previously. This 
decrease, slow during the first three months and then faster 
[35], could also be consistent with the trends of DO and 
ORP (Figs. 5 and 6) The above phenomenon was modeled 
as follows (r = 0.89) (Eq. 5):

where k1, k2 and k3 are the coefficients related to the time 
(t) at the first, second and third exponents (Table 2). The 
monomeric anthocyanin content of the wines was higher 
in the used oak barrel than in all the other materials for 
the whole duration of the aging, showing significant protec-
tive behavior against polyphenol oxidation, probably due to 
a less permeation of oxygen. However, ellagitannins were 
still released from the staves, with the slow and continuous 
formation of polymeric pigments (Fig. 7) [35]. In fact, the 
age of the barrel could affect the oxygen transmission rate: 
the older the barrel, the slower the oxygen transmission rate, 
since most of the wood pores are plugged with wine depos-
its. Moreover, repeated use of barrel drastically decreases 
the ellagitannins transferred into wine during aging, owing 
to the depletion of the oak wood [41].

The formation of polymeric pigments and the decrease 
in monomeric anthocyanins in the wines was related to the 
formation of acetaldehyde. This molecule plays a central 
role during wine aging due to its high reactivity; in particu-
lar, the formation of acetaldehyde through ethanol oxidation 
(following the Fenton reaction) activates the formation of 
polymeric pigments during wine aging [2]. The acetalde-
hyde content in the experimental wines remained roughly 
stable up to 230 days, then it increased (Fig. 9). The follow-
ing model was set up (r = 0.39) (Eq. 6):

(5)

[
monomeric anthocyanins

]
(t)

=
[
monomeric anthocyanins

]
0
+ k1t + k2t

2 + k3t
2
T + �,

Despite the low amount of variance explained by the 
model, it evidenced significant effects of t and M (Table 2). 
During the aging, when the polymerisation reaction occurred 
between the anthocyanins and tannins (Fig. 7), the more 
acetaldehyde was formed, the more acetaldehyde was con-
sumed; therefore, the acetaldehyde content in the wine was 
able to remain roughly stable. Later, when the polymeri-
zation rate decreased, the acetaldehyde content increased. 
Statistically significant differences were found between the 
wines aged in the new and used oak barrels; the wine sam-
ples aged in used oak barrel showed a higher acetaldehyde 
content than the other wines, while the wine sample aged 
in new oak barrel showed the lowest content. The different 
acetaldehyde content in wines aged in different tank materi-
als could be explained by the polymerisation reaction medi-
ated by this molecule and related to all the characteristics 
of the tank materials as discussed previously. Condensation 
reactions mediated by the acetaldehyde in wines contribute 
to the formation of polymeric pigments when wine is aged 
in oxidative conditions [2]. It is possible to assume that the 
wine in the used oak barrel showed the highest acetaldehyde 
content (Fig. 9) since the formation rate was higher than the 
rate of consumption due to condensation reactions. Con-
versely, the wine aged in the new oak barrel could have had 
the same acetaldehyde formation rate but faster consumption 
due to the greater release of ellagitannins.

The wine color changed significantly during aging in 
accordance with the literature data, which have related 
wine color variation with the polymerisation of anthocya-
nins and tannins, to form stable colored polymers [8]. The 
wine lightness (i.e., the L* CIELab coordinate) increased 

(6)
[
Acetaldehyde

]
(t)

=
[
Acetaldehyde

]
0
+ k1t

2 + �.

Fig. 8  Kinetic models of the 
monomeric anthocyanins (mg/L 
malvidine-3-O-glucoside eq.) 
in the wine measured in the 
different tanks during the one-
year aging (Error bars represent 
the standard error; SS stainless 
steel tank, AN raw earthenware 
amphora, CR uncoated concrete 
tank, CC coated concrete tank, 
TN new oak barrel, TO used oak 
barrel)
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Fig. 9  Kinetic models of the 
acetaldehyde (mg/L) measured 
in the wine in the different tanks 
during the one-year aging (Error 
bars represent the standard 
error; SS stainless steel tank, 
AN raw earthenware amphora, 
CR uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO used oak barrel)
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Fig. 10  Kinetic models of a* 
CIELab coordinate measured in 
the wine in the different tanks 
during the one-year aging (Error 
bars represent the standard 
error; SS stainless steel tank, 
AN raw earthenware amphora, 
CR uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO used oak barrel)
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Fig. 11  Kinetic models of the 
wine ΔE CIELab measured 
in the different tanks during 
the one-year aging (Error bars 
represent the standard error; 
SS stainless steel tank, AN 
raw earthenware amphora, CR 
uncoated concrete tank, CC 
coated concrete tank, TN new 
oak barrel, TO used oak barrel)
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during aging (Table 2), following a pseudo-zero-order 
kinetic (r = 0.62) (Eq. 7):

The lowest L* values were found in the wine samples 
aged in the stainless steel tank, whereas the highest were 
found in the used oak barrel.

The a* CIELab coordinate values changed significantly 
during aging as a function of t, T and M, and their interac-
tions (Fig. 10). Between 0 and 100 days a sharp decrease 
in a* was measured in all of the wine samples, to then 
remain roughly stable up to the one-year point. The fol-
lowing kinetic model of the a* coordinate showed a good 
fit with the data (r = 0.96) (Eq. 8):

(7)L
∗

(t)
= L

|∗
0
+ k1t + �. The a* value was only significantly different for the 

wine aged in the used oak barrel (Table 2), which was less 
affected by t and T than the other materials. A higher a* 
value indicates a more intense red color, consistently with 
the higher monomeric anthocyanin content of the wine aged 
in the used oak barrel.

The b* CIELab coordinate values of the wine increased 
during aging (Table  2) and were modeled as follows 
(r = 0.68) (Eq. 9):

(8)a
∗

(t)
= a

∗

0
+ k1t + k2t

2 + k3T + k4tT + k5t
2 + �.

(9)b
∗

(t)
= b

∗

0
+ k

1
t + k

2
t
2 + �.

Fig. 12  Principal Component 
Analysis (PCA) modeled as 
a function of t and M of the 
parameters measured in the 
wines in the different tanks 
during the one-year aging: (a) 
scores: samples position as a 
function of the measured param-
eters at the indicated number 
of days from the beginning of 
aging; (b) loadings: measured 
parameters (SS stainless steel 
tank, AN raw earthenware 
amphora, CR uncoated concrete 
tank, CC coated concrete tank, 
TN new oak barrel, TO used oak 
barrel)
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In terms of the effect of the tank material on the wine 
characteristics, the only statistically significant differ-
ences were related to the wine aged in the used oak barrel 
(Table 2). In fact, this wine showed a lower increase accord-
ing to aging time than the other wines.

The color changes were also summarized by the term ΔE. 
The ΔE values showed an increase with time, reaching an 
asymptote at ~ 230 days, as a function of T and M (Fig. 11). 
They were modeled as follows (r = 0.93) (Eq. 10):

No significant differences in ΔE were found among the 
wines in the stainless steel, coated concrete tanks and new 
oak barrel. The wine samples aged in the raw earthenware 
amphorae and uncoated concrete tanks had the highest vari-
ation in ΔE, whereas the wine samples in the used oak barrel 
had a significantly lower variation in ΔE than the other wine 
samples.

At the end, a Principal Component Analysis (PCA) was 
run  to report a global graphical overview of the evolution of 
all the wine samples during one-year aging in the different 
tank materials according to all the measured parameters. The 
PCA scores obtained were also modeled as a function of the 
variables t and M.

The model results for PC1 and PC2 are reported in 
Fig. 12. The explained variance was 56.4% and a good 
separation was evidenced between the wine samples aged 
in the different tank materials and time. The time sampling 
(expressed in the same figure as the day of sampling) was 
distributed along the PC1, indicating that there were dif-
ferences in the evolution of the wine during aging. At the 
beginning of aging, the wines were located on the left side of 
the plot and featured the highest values of monomeric antho-
cyanins and a*. During aging, the wine samples evolved as 
evidenced by the increase in acetaldehyde, polymeric pig-
ments, L* and b*, and their positions moved towards the right 
side of the plot. The distribution of the wines along the PC1 
highlighted slow changes in the wine composition during 
the first 60 days, then the changes accelerated between days 
63 and 191, and finally they slowed down again. Among the 
materials, the wines aged in the raw earthenware amphorae 
and new oak barrel were found to be significantly different 
from wine aged in the stainless steel tank in terms of PC1 
scores, since they showed a faster movement from the left 
to the right side of the score plot.

PC2 separated the wine samples according to the dif-
ferent materials. Significant differences were found for the 
uncoated concrete and coated concrete tanks, and used oak 
barrel. Despite a similar evolution trend among the wines, 
their distribution along the PC2 highlighted the influence of 

(10)ΔE(t) = ΔE
0
+ k

1
t + k

2
t
2 + k

3
T + �.

the tank material from the 31st day on, and these differences 
remained stable until the end of monitoring.

These trends translated into a different final composition 
and kinetic of the wine evolution, highlighting the impor-
tance of the kind of tank material.

Conclusions

This study highlighted the redox phenomena tendencies 
occurring in red wines during one-year aging in tanks of dif-
ferent materials. These tendencies were related to a series of 
operating conditions and chemical-physical phenomena such 
as: (1) the oxygenation level of the wines at the beginning of 
aging; (2) the level of oxygen permeability and impregnation 
of the tank materials; (3) the amounts of molecules released 
by the tanks; (4) the wine temperature; and (5) the oxygen 
consumption rate caused by the different components in the 
wines. For all the different tank materials, the synergic or 
antagonistic action of the aforementioned operating condi-
tions and chemical–physical phenomena resulted in a com-
mon trend of the physical and chemical parameters relating 
to the redox state of the wines. In the first approximatively 
100 days of aging there was a rapid consumption of oxy-
gen (i.e., decrease in DO) and a rapid decrease in the redox 
potential, which could be correlated to reactions with rapid 
oxygen consumption such as the oxidation of polyphenols. 
From ~ day 150 up to the end of aging, the oxygen level 
increased slightly, while the redox potential increased, reach-
ing a similar value to the beginning of aging. Rapid oxygen 
consumption reactions were replaced by slow oxygen con-
sumption (i.e., anthocyanin–tannin ethylene bridge polymer-
isation reactions), which, as well as the wine temperature, 
were probably responsible for increasing the redox potential. 
In the wines, the polymerisation reaction mediated by acet-
aldehyde seemed to be activated when the redox potential 
increased, again after reaching the lowest level during the 
one-year aging, demonstrating that a defined level of redox 
potential is needed to trigger the reaction. Moreover, all the 
reactions that occurred in the wines during aging caused 
a general trend of variation in the wine color, which was 
similar for all the tanks.

The experimental data were modeled and the kinetic 
models were able to describe the differences between the 
wine samples aged in the different tank materials. The stain-
less steel and epoxy-coated concrete tanks were the least 
suited to allowing a variation in the redox state of the wines, 
which was exactly the opposite of the oak barrels; the behav-
ior of the raw earthenware amphorae and uncoated concrete 
tanks, on the other hand, was somewhere in-between, but 
tended to be more similar to the oak barrels. The level of 
oxygen permeability and impregnation of the tanks and the 
degree of substances released by the tank materials could 
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explain the well-known greater redox attitude of oak bar-
rels compared to stainless steel and epoxy-coated concrete 
tanks, which were the most chemically inert. The behavior 
of the raw earthenware amphorae and the uncoated concrete 
tanks appears interesting and deserves specific studies to 
investigate all the above-mentioned phenomena in relation 
to the chemical composition and production process of the 
materials.

To conclude, knowledge of the tank characteristics could 
be considered a useful tool  to characterize the wine accord-
ing to the winery needs.
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